We have designed and simulated a dual-frequency liquid crystal (DFLC) based plasmonic signal modulator capable of achieving over 15 dB modulation depth. The voltage-controlled DFLC is combined with a groove and slit configuration and its operation is discussed. Using the finitedifference time domain (FDTD) method, simulations were conducted to discover the groove-slit separation distance that enabled a practically useful modulation depth for the two states of the DFLC. Moreover, we have shown that significant improvement in modulation depth can be achieved by addition of a second groove to the design structure. Additionally, a performance analysis indicates a switching energy on the order of femtojoules and a switching speed on the order of 100 microseconds. Results of this investigation can be useful for the future design, simulation, and fabrication of DFLC-based plasmonic signal modulating devices, which have application in electro-optical and all-optical information systems.
Introduction
Plasmonic device research has emerged aggressively as the need to combine electronic and photonic systems has become more acute [1, 2] . Essential to future plasmonic circuits and systems is a means of reliable, scalable and energy efficient signal modulation [3] [4] [5] [6] [7] . Concepts for achieving modulation have focused on using an active material whose properties can be changed by some form of stimulation. The speed of operation, energy consumption, modulation depth, device footprint, reliability, and cost are, in general, all determined by the choice of this material-stimulant combination. Static electric fields in combination with doped semiconducting thin films [8] , oxides [9, 10] , and photochromic molecules [11] ; laser beams in combination with metal-semiconductor waveguides [12] , quantum dots [13] , and phasechanging materials [14, 15] ; electric currents used for thermal activation of semiconductors [16] ; and rotaxanes in combination with charged species [17] have all been demonstrated. As noted in [12] , the limitations on modulator performance tend to result from the means of stimulation. For example, modulation by a static electric field is constrained by capacitance and thermal stimulation is constrained by thermal diffusivity.
Liquid crystals can serve as excellent active nanomaterials for plasmonic modulators, due to their large and controllable birefringence. In addition, they offer reliability, robustness, long lifetime, and low costs [18] [19] [20] [21] [22] [23] [24] [25] . While the response time of liquid crystals is usually long, causing the efficiencies of modulators that employ liquid crystals to be low, the response time does decrease with cell thickness. Furthermore, new concepts, like polymerstabilized liquid crystals, and flow effects in microfluidic structures, have been proposed to further decrease the response time [26, 27] . In this work, we demonstrate the feasibility of nanoscale, high-contrast modulation of surface plasmon polaritons (SPP) propagating along an interface between silver and dual-frequency liquid crystals (DFLC). Our results indicate that the proposed DFLC-based plasmonic modulation can achieve over 15 dB modulation depth with femtojoule activation energy. The ultimate speed of modulation is limited by the sub-micron thick nematic layer, which is on the order of 100 microseconds. Figure 1 shows the schematic of the DFLC-based nanoplasmonic modulator. Such DFLCs can change the sign of dielectric anisotropy either from positive to negative, or from negative to positive, when the frequency of the applied field changes. A groove-slit geometry defines the basis of the design. The operating principles of our DFLC-enabled nanoplasmonic modulator consist of (1) SPP excitation by diffraction through a slit on silver film; (2) phase modulation of SPP signal by electro-optic DFLC; and (3) interference of SPP signal produced by input beam with optical pump beam at the slit. In other words, the input optical beam at the groove excites a SPP that propagates over a region embedded with DFLC. Then, the pump beam interferes with the SPP at the slit and the output intensity is measured at an observation point. Contrast between output signals is achieved by varying the dielectric anisotropy of the DFLC, which is accomplished through an applied voltage. Our investigation is focused on measuring the output as a function of groove-slit separation distance. Fig. 1 . Schematic of the DFLC-based nanoplasmonic modulator. An SPP is excited through diffraction-mediated transfer of momentum from the input. The SPP wave (shown here in pink) then propagates through the DFLCs, which exhibits either an ordinary or extraordinary refractive index, depending on the frequency of an applied voltage. Thus, the signal enters the interference stage at a phase that is dependent on the path length traveled and refractive index of the DFLC. Finally, a pump beam creates an interference pattern with the plasmonic signal, which is read as output information.
Principles and design
The conversion of propagating electromagnetic (EM) waves into SPP waves is achieved through the matching of the momentum of the two waves. In our case, we use a groove with sharp edges to diffract the incident EM waves to generate SPP waves. The wave vector of the generated SPP modes is determined by the permittivity of the metal and dielectric, following the equation
where ε m denotes the permittivity of the metal, ε d represents the permittivity of the dielectric, and k 0 and k spp are wave vectors of the incident EM and SPP waves, respectively. Based on Eq.
(1) and the relation n 2 = ε for non-magnetic materials, where n is the refractive index, we can see that the SPP wave vector changes with the refractive index.
In this work, the dielectric material is DFLC If an SPP wave propagates through the LC with n o , and a second wave excited by the same light source at a later time travels through the LC with n e , the two waves will have a phase difference with respect to each other by an amount that depends on the SPP wavelength, the length of the LC cell, and ∆n ( = n e -n o ). Because the two waves have a phase difference, their interaction with a pump beam will generate two distinct transmission signals. The phase modulation of the DFLC can be designed such that the transmission signals achieve a desired contrast that can be observed in the output signals. For applications in logic or ON/OFF switching, an amplitude transmission contrast as high as possible is desired, with signal A approximating an intensity equal to that of the input excitation source, and signal B approaching zero intensity. We call M, the modulation depth, defined as 
where I is the irradiance, H y pk is the peak amplitude of the y-component of the H field, and the subscripts A and B refer to signals A and B, respectively. Given that we control the incident free-space wavelengths from the optical excitation and pump sources, the refractive indices of both states of the DFLC, and the optical path lengths through the entire system, we can select these parameters to achieve a useful modulation depth, M. The phases corresponding to the SPP modes propagating along the LC-silver interface are
where the indices o and e denote the SPP travelling through LC of n 0 , LC of n e , respectively; z 1 is the distance between the input source and LC-air interface, and z 2 is the distance between the LC-air interface and the LC-silver interface. The two last terms in Eq. (3-4) represent the phase changes that occur through the light-SPP coupling and SPP-light decoupling.
The phase corresponding to the pump beam can be considered a slit mode, as described in Ref [36] . Interference between the SPP modes propagating along the LC-silver interface and the pump mode will occur prior to the excitation of the slit mode. Therefore, for the phase of the pump at the plane of interference, we have ( ) 
where n 1 and n 2 are the refractive indices of the medium at entrance and exit to the slit, respectively, and β is the complex-valued propagation constant of the slit mode. Replacing β with the complex valued SPP wave vector, k spp , we can relate the coupling and decoupling constants of Eq. we consider the interference of the SPP modes propagating along the LC-silver interface with the pump mode just before the entrance to the slit and define the phase differences at the slit entrance as ,
. e e p φ φ φ ∆ = − (10)
Simulation and discussion
To better investigate the working mechanism and performance of our DFLC-based nanoplasmonic modulator, here we provide simulation results from a commercial software package Optiwave FDTD 8.0 [37]. Optiwave FDTD is based on the finite-difference time domain method for solving Maxwell's equations numerically. Convergence and accuracy of the results is achieved by refining the size of the smallest meshes that constitute the whole simulation area. Usually, a mesh size equal to 1/10 the smallest structural feature size will yield a good balance between accuracy and simulation time. Further decreasing the size of meshes will bring higher accuracy, at the expense of a significantly increased simulation time.
We used the built-in Drude approximation for the parameters of silver and assigned the refractive indices of DFLC manually. Gaussian beams of incident wavelength 514 nm, half width of 250 nm, and field amplitude of 1 A m −1 were used for both the input and pump sources. Perfectly matched layer boundary conditions were used in a 2-dimensional simulation space of mesh size x = y = 5 nm, which equals 1/20 the smallest feature in our design. Such high resolution yields highly accurate and well converging simulation results. 8000 steps of a first run followed by a program-defined optimization process causes each simulation to last approximately 15 minutes on a medium performance workstation.
The geometry of our nanoplasmonic modulator is detailed in Fig. 2(a) . Both the groove and slit are 100 nm wide, while their separation distance, D, is on the order of hundreds of nanometers. A 200 nm thick layer of DFLC spans the separation distance. The thickness of the silver layer is 360 nm. The refractive indices of the DFLC were chosen as n o = 1.49 and n e = 1.75. The input excitation and pump sources were directed upon the center points of the groove and slit, respectively. Due to the significant difference between slit width and incident wavelength, SPP waves are excited at the sharp edges of the slit and propagate along the metal-dielectric interface of the silver and LC. For simplicity, the propagation loss of SPP waves over D is set to zero. After the SPP waves reach the slit, they interfere with the pump beam. The pump beam excites SPP slit modes, as described in [36] . The modulation is a direct result of constructive and destructive interference of two SPP modes with the pump beam slit modes. Figures 2(b) and 2(c) show the nanoplasmonic modulator during its ON and OFF states, respectively, indicated by the transmitted light signal and near-zero transmission at the outlet of the slit. The groove-slit separation distance D is vital because it determines the phase difference achievable between two plasmonic modes under different states of DFLC, thus determining the contrast or modulation depth. The amplitude of the output for the two refractive index states is plotted against D in Fig. 3 . Under impinged light of 514 nm, the permittivity of silver, according to Palik [38] is 9.242 0.7924
Using, Eq. (1), the SPP wavelength existing at the interface between silver and DFLC with n o of λ spp,o ~300 nm, while the SPP wavelength for the case of DFLC with n e is λ spp,e ~240 nm. Fig. 3 . Amplitude contrast for single-groove device. Measurements were conducted at 25 nm intervals over the given range of groove-slit separation distances. The distance at which the phase difference between the SPP waves is greatest is marked for clarity. This distance corresponds to D = 450 nm, at which a modulation depth of ~8 dB was exhibited. Notably, the magnitude of contrast at D = 325 nm and D = 600 nm is comparable to that at D = 450 nm. will lead to an output intensity less than the sum of the inputs whereas ∆φ e will lead to an output greater than the sum of the inputs, in agreement with the simulated results of Fig. 3 .
Setting ∆φ e = 0, we can solve for the ideal distances, which are integer multiples of ~70 nm. The nearest ideal distance to our simulated results is thus 420 nm, at which ∆φ o = 1.1813π and ∆φ e = 0π. We can reconcile the difference between the simulated contrast and that predicted by Eq. (3)- (10) by the fact that we have assumed negligible losses for the propagating modes at the LC-silver interface. After the initial device geometry was simulated, a second device, shown in Fig. 4(a) , consisting of two grooves and a single slit was designed and tested via simulation. The dimensions of the second arm of this two-groove interferometer were identical to those of the earlier proposed design. The form of this device was conceived as a basis for exploring increased modulation depth. Figure 4 (b) and (c) show the Poynting vector plotted against the geometry of the two-groove device. For both arms the groove-slit distance, D, is 450 nm. The ON/OFF states indicate a high contrast, which is compared to the contrast of the singlegroove device in Fig. 5 . Observation points and planes were placed at the output of the slit for both device structures to determine the amplitude of the transmitted signals with greater detail. As indicated in Fig. 5 , by using a double-groove single-slit geometry, a higher ON/OFF contrast could be obtained over the single-groove single-slit geometry. The contrast, given by Eq. (2), exhibited by our devices is is approximately 8.1 dB and 15 dB for the single-groove and double-groove designs, respectively. Taking into account our input excitation and pump sources were simulated with 1 A m −1 power densities and the size of the groove and slits, we have a first approximation for the optical part of the switching power of 9.42 pW per operation. The duration of the excitation and pump pulses depends on the type of source. Given that the simulations lasted ~120 fs, the optical energy involved per operation is trivial compared to the electrical part of the switching energy. Based on previous works [21, 32], we gather that the average switching voltage of the DFLCs is 25 V. To calculate electrical switching energy and time, we define an average dielectric function of the DFLC, ε, as assuming a device with a depth equal to the cell length of 450 nm. With these parameters, we compute the cell capacitances for the double-groove device, C ~2.24e-17 F. The capacitance can be used to compute the switching energy, E, by the relation E = CV 2 [8] . Therefore, the approximate switching energy is E ~14 fJ per operation. Even if the switching voltage is doubled, the switching energy remains in the femotjoule range at ~56 fJ per operation. The switching energy for the single-groove device is simply one half that of the double-groove device.
For the response time τ, we must look into the optical path length of the plasmonic signal, the RC delay imposed by the electrical part of our device, and the rotation time of the DFLC. In the optical limiting case where the device is in the OFF state and n = n e , the transit time of the plasmonic signal is computed with the assumption that the distances between the excitation and the silver-air interface, as well as the slit outlet and a hypothetical detector or adjacent device, are both 1 µm. We find that τ transit = 10.9 fs. For the electrical part of the response time, we impose the assumption that our function generator voltage source has an internal impedance of 50 Ω, and compute τ RC = 1.12 fs. Both transit times are much shorter than the limitation imposed by the response time of the LC, which depends on the thickness and applied field strength; for sub-micron thick nematic, the response time is on the order of 100 microseconds [22] [23] [24] .
The dependence of the contrast on the location of the field monitors was also explored. Figure 6 shows the contrast between the power measured for the two DFLC states for three different observation planes. The planes are located 20 nm, 120 nm, and 220 nm from the bottom slit edge. Using Eq. (2) for all three data sets verifies that the contrast between the SPP propagating through n o and n e remains constant regardless of the location of the measurement plane. Fig. 6 . Intensity contrast for 2-groove device with three different observation planes. The contrast measured at each plane is ~15 dB, verifying that, while the power of the signal decreases with distance from the lower slit edge, the contrast between corresponding no and ne signals remains constant.
To fabricate our proposed devices, focused ion beam can be used to cut the grooves and slits on the silver film with precision control of the width and cutting depth. The processing of DFLC is challenging because we are using a relatively thin film during the simulation. However, with in-plane-designed devices, such as the optical hyperlens [39] , impregnation of the liquid crystals is achievable. Future work will consist of fabricating devices in accordance with both the single-groove single-slit and double-groove single-slit geometries. Experiments will be conducted to determine the response time of the liquid crystal switching mechanism for amplitude modulation, the energy required for modulation, and the magnitude of modulation depth.
Conclusion
We have designed and simulated two geometries of DFLC-based, SPP amplitude modulators: (1) single-groove single-slit and (2) double-groove single-slit. Modulation depths greater than 8 dB and 15 dB were exhibited by the single-groove and double-groove devices, respectively. The devices operate at a switching energy on the order of femotjoules; although the plasmonic switching times is on the order of sub-picoseconds, the ultimate response time of the DFLC modulator is limited to 100 microseconds for sub-micron thickness. To our knowledge, this is the first report of a nanoplasmonic modulator employing nanoscale DFLC. With its advantages in modulation depth, energy consumption, and robustness, we anticipate that the proposed nano-structured DFLC-based plasmonic modulators hold promise for many applications where stable and reliable switching of nanophotonic signals is required.
